RECENTLY we reviewed the renal complications following prosthetic valve replacement during a 432-year period at our institution. ' The compiled data did not permit a decision regarding the physiological significance of the elevated concentrations of blood urea nitrogen recorded in 44% of our cases. The present study was undertaken to define, if possible, a relationship between postoperative renal function and changes in renal function or hemodynamics or in both during open-heart surgery.
RECENTLY we reviewed the renal complications following prosthetic valve replacement during a 432-year period at our institution. ' The compiled data did not permit a decision regarding the physiological significance of the elevated concentrations of blood urea nitrogen recorded in 44% of our cases. The present study was undertaken to define, if possible, a relationship between postoperative renal function and changes in renal function or hemodynamics or in both during open-heart surgery.
Methods
Observations from 27 patients who underwent surgery for prosthetic valve replacement form the basis of this report. In addition, selected information from 21 patients who were included in the previous review1 was used in the analysis of creatinine "washout" during total body perfusion. The pertinent preoperative data are summarized in table 1. All patients received diets restricted in sodium (12 to 23 mEq/day), and all but one patient (M.E.) were digitalized. All patients were free of edema at surgery, but 18 had received either meralluride or chlorothiazide during preoperative preparation. The preoperative electrocardiogram was abnormal for all patients. Table 2 summarizes pertinent information regarding the operation and postoperative course.
The procedure used to study renal function was as follows: two 24-hour specimens of urine Circulation, Volume XXXIV, December 1966 were collected during the 2 days preceding surgery. Immediately after the patient entered the operating room, the bladder catheter was drained of residual urine and rinsed twice with air. Following the induction of anesthesia, the pre-bypass urine collection was started and continued until the initiation of total body perfusion in all patients except those in whom a mannitol diuresis was induced during the pre-bypass interval (mean collection time, 173 ± 6 minutes). In the latter patients, the pre-bypass collection was started an hour after the priming dose of mannitol in ensure equilibration. The amounts of 10% mannitol, 10% inulin, and 20% para-aminohippurate (PAH) added to prime the pump were calculated according to the respective volumes of distribution,2 and once extracorporeal circulation was established a 10% mannitol solution containing inulin-PAH was infused at a rate of 2 ml/min using a constant delivery pump. This infusion rate maintained plasma concentration of 500 to 600 mg% for mannitol, 25 to 35 mg% for inulin, and 2 to 3 mg% for PAH. Samples of urine were collected every 30 minutes during bypass. Each 30-minute sample was numbered consecutively, with a maximum of seven samples for any one patient. All urine passed from the conclusion of bypass to the closure of the skin incision was collected and labeled first post-bypass sample (mean collection time, 105 + 4 min). The second post-bypass collection was started when the patient was taken to the recovery room, and was completed at 9 PM.
Continuous collection of urine was obtained throughout the first postoperative week, with the first sample being a 12-hour collection, while all others were 24 hours in duration. Blood samples were timed to bracket each collection of urine. In addition, during the pre-bypass period blood was sampled every hour, while the immediate post-bypass samples were taken at the conclusion of bypass, midway during skin closure, and just before the patient left the operating room. Complete collections of urine were insured by aspiration, followed by two air rinses of the Abbreviations: CI cardiac index in L/min/m2; PAP -mean pulmonary artery pressure in mm Hg; LAP mean left atrial pressure in mm Hu: LVEDP mean left ventricular end-diastolic pressure in mm Hg. bladder catheter at the termination of each collection period.
The following determinations were performed on appropriate samples: (1) hematocrit using an International microcapillary centrifuge (model MB); (2) pH by means of a Beckman pH meter (model 160); (3) P(O2 using the Severinghaus Pco electrode; (4) creatinine according to the method of Haugen3; (5) PAH by Smith and associates' modification of the Bratton-Marshall procedure4; (6) mannitol by the method of Corcoran and Page5; (7) osmolality using a Fiske osmometer; (8) blood urea nitrogen after the method of Barker6; (9) sodium and potassium content using a Baird flame photometer with a lithium internal standard; and (10) inulin by the technique of Roe and co-workers7 with a standard correction for blood glucose content (personal communication from R. E. Swanson).
Mean systemic blood pressure during surgery and for the first 2 or 3 postoperative days was monitored by use of a Statham P 23AA strain gauge, connected to an arterial cannula and was recorded through a Sanborn direct writing recorder. When blood pressure was measured by ascultation, the mean blood pressure was calculated as one third of the pulse pressure plus diastolic pressure. The mean cardiac output during cardiopulmonary bypass was calculated from precalibrated pump flow rates. Preoperative and postoperative cardiac outputs and blood volumes were determined using radioactive iodinated albumin. 8 Bypass flow rates were started at 2.4 L/ min/M2, and then reduced by 25% after 30 minutes of perfusion if hypothermia was included, otherwise, the 2.4 L/min/m2 flow was maintained throughout surgery. Buffer base was derived from a Singer-Hastings nomogram.9 Arterial and venous oxygen saturations were measured Circulaton, Volume XXXIV, Decenmber 1966 with an American-Optical oximeter (model 10800). All patients received halothane and nitrous oxide as their primary anesthetic agents. Muscle relaxants were used during intubation, with appropriate reduction in other agents. Induction was accomplished with 100 to 200 mg of intravenous Sodium Pentothal. Light surgical anesthesia was assured by monitoring the electroencephalographic pattern which was displayed on an oscilloscope.
Pressure and flow measurements obtained during cardiac catheterization were made in the conventional manner.
Patients were assigned to groups according to their maximum concentration of postoperative blood urea nitrogen (BUN): group I, 30 mg% or less; group II, 31 to 60 mg%; group III, 61 to 100 mg%; and group IV, greater than 100 mg%.
Calculations
Clearance rates were computed by the standard formula,2 and all values were corrected to a standard body surface area of 1.73 M. 2 Vascular resistance was derived by dividing mean pressure gradient by blood flow, and expressed in resistance units.10 For computing total systemic vascular resistance (TSVR), cardiac output in milliliters per minute was the denominator, and for the calculation of renal cortical vascular resistance (RCVR), renal cortical blood flow (RCBF) in milliliters per minute was the denominator. RCBF was derived from the following expression:
RCBF CPAH X (1.00-Hct).
Results

Critique of Creatinine Clearance as a Measure of Glomerular Filtration Rate
Endogenous creatinine clearance was selected over a constant infusion method for the measurement of glomerular filtration rate, since the present study was designed to evaluate sequential changes in renal function. In most situations, short constant-infusion clearance periods are considered representative; however, due to the profound cardiovascular changes which follow open-heart surgery, a technique which includes the daily urine volume was thought better suited to demonstrate subtle changes. Also, the constant-infusion technique requires administering a fluid load which would disturb the urinary osmolality which was measured simultaneously. Initially, bypass urine was collected as a single sample, with blood samples drawn at either 30 or 60-minute intervals during bypass. However, the resulting clearance rates were much higher than others had reported,11-3 and often exceeded preoperative values by 200%. The rise in serum creatinine ( fig. 1 , left) which we observed during bypass indicated that calculated clearances were not representative. When urine collections were fractionated at 30-minute intervals during perfusion, the source of these erroneously high clearance rates was traced to the first collection period ( fig. 1, right) . Since the clearance rates during the first 30 minutes of perfusion correlated directly with both the U/P creatinine and U/P osmolar ratios of the pre-bypass interval ( fig. 2 , left), this error may be due to a tubular reservoir of creatinine. Furthermore, this effect is dependent on the pre-bypass urine flow ( fig. 2 , right), which suggests that tubular secretion of creatinine continued independent of the tubular flow rate, and thus, is readily available for excretion following the sudden transition to high rates of urinary flow. To verify that this creatinine pool could be exhausted during mannitol diuresis, simultaneous urine-to-plasma ratios for creatinine, inulin, and mannitol were determined at 15-minute intervals during cardiopulmonary bypass, in a 49-year-old woman who had both an aortic and mitral prosthetic valve inserted. These ratios are plotted in figure 3. During the first 30 minutes, washout of this mobile creatinine pool occurs. In seven patients, having valvular replacements, three of the mitral valve, three of the aortic valve, and one of both the mitral and the aortic valves, a mannitol infusion containing inulin was started after the induction of anesthesia and continued until skin closure was complete. The resulting simultaneous creatinine, inulin, and mannitol clearances are shown in figure 4 . These indicate that the first 30 minutes of perfusion are associated with a drop in filtration rate, as compared to the pre-bypass period, but, as bypass continues, gltration rate approximates pre-bypass levels. Evidence favoring tubular secretion of creatinine in man has been questioned from the standpoint of reliability of "true" creatinine methods.14 Using the recently reported "true" creatinine method of Slot,1 5we have compared the U/P ratios of "true" creatinine and inulin in 12 patients, each sampled at least twice during basal conditions. The true creatinine ratio exceeded inulin in all but one case ( fig.  5 ). The slope of the regression line, 1.025, suggests that at least 2.5% of the urinary creatinine is derived from tubular secretion.
Simultaneous inulin clearance xxvas used to test the reliability of both creatinine and mannitol clearances as measures of glomerular filtration rate. Table 3 presents the mean values, ranges, and probabilities1" for 27 simultaneous clearance periods measured in six patients during cardiopulmonary bypass. Creatinine clearance did not differ significantly from intilin clearance, but mannitol clearance was definitely less than inulin clearance (P < 0.01). Mannitol clearance was also significantly less than creatinine clearance (P 0.01). Since this comparison was performed during cardiopulmonary bypass, it is only valid for low rates of filtration (note range). A comparison of inulin clearance and creatinine clearance over a much wider range, 13 to 117 ml/min, is shown in figure 6. This figure was construicted from 73 simuiltaneous clearances 00 U/P In performed in 24 patients with valvular heart disease and includes the data from table 3. When the t-test for paired observations16 was applied, no significant difference was evident. The slope of the regression line was 0.90, and the correlation coefficient was 0.95.
Changes in Renal Function During Total Body Perfusion
In the first five patients studied during bypass, inulin and PAH were administered by the technique of Robson and associates.17 However, due to the questionable reliability of the single bolus method in the nonsteady state, the results were discarded. The mean values of the bypass measurements in 22 patients are presented in table 4, along with statistical comparison when appropriate. The small number of observations in the fifth, sixth, and seventh collection periods precluded statistical analysis. An inverse relationship exists between the magnitude of depressed renal function during bypass, and the extent of BUN rise during the postoperative phase. Creatinine clearances (Cer) were consistently higher in group I than in Group II, whereas renal cortical blood flow (RCBF) was not different in the two groups until Circulation, Volume ,YXXXIV. Decenrber 1966 cardiopulmonary bypass had exceeded 60 minutes. As a direct corollary, a significantly lower filtration fraction was present in group I patients. No significance can be placed in the pre-bypass clearance values, as the low urinary flow rates invalidate their accuracy.
Further differences between the two groups were sought by comparing various hemodynamic parameters. After 60 minutes of bypass, total systemic vascular resistance (TSVR) was significantly higher in group II patients (table  4 ). The renal fraction of cardiac output was less for group II, but decisive statistical separation was not achieved. The renal cortical vascular resistance (RCVR) in group II surpassed that in group I during every bypass interval. More striking increases in RCVR were recorded in the group III patients.
Changes in RCBF were directly reflected in the rate of glomerular filtration (fig. 7 ). The presence of autoregulation of renal blood flow during bypass was assessed by comparing mean perfusion pressure to renal cortical blood flow over a pressure range of 48 to 135 mm Hg. No correlation was evident for either individual patients, operative groups, or BUN grouping.
Finally, in four patients, all having mitral valve surgery, renal function and hemodynamic data were collected preoperatively, dur- ing surgery, and on the second postoperative day. The response pattern of each patient is shown in figure 8 . The only consistent findings were related to changes in glomerular filtration rate. The maximum postoperative BUN was less than 30 mg% in all four patients For comparison, the cross-hatched areas shown in the preoperative column of figure 8 are the 95% limits for 10 patients with valvular heart disease studied during cardiac catheterization.
Changes in Renal Function Following Valve-Replacement Surgery
Serial observations of renal function in the immediate postoperative period are summarized on table 5. Glomerular filtration rate, as judged by endogenous creatinine clearance, showed a progressive return to preoperative levels during the first two postoperative days in group I patients. A more protracted recovery was noted in group II patients, while marked depression of this parameter was evi- 
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iCr MI/miri dent in both group III patients. The serial U/P osmolar ratios paralleled the changes in filtration rate, although there was less disparity in the spontaneous urinary osmolalities between groups I and II. The urinary osmolality is both group III patients was severely curtailed, although when solute-free water reabsorption (TCH20) was corrected for the decreased filtration rates, concentrating ability did not appear to be compromised. The sequential urinary volumes in the two group III patients demonstrate transient oliguria during the first 12 to 15 hours after surgery, followed by relative polyuria during the next 2 to 4 days. Neither patient required more than careful management of fluid and electrolyte intake. Daily fluid intake was regulated to supply 400 to 600 ml excess over urinary volume. Hyperkalemia (serum potassium in excess of 5.5 mEq/L) was not evident in either group III patient. Potassium supplementation and blood replacement for the patients studied are shown in table 6 .
Comparisons of the sequential postoperative cardiac indices in the three groups are shown in figure difference between groups II and III disappeared. One patient (group IV) with postoperative acute renal shutdown was studied and his results are recorded separately. In 23 of our 27 patients, serial determinations of urine urea/blood urea nitrogen were performed during the immediate postoperative period. Similar data from three patients with post-bypass acute renal failure were included for comparison ( fig. 10 ).
Discussion
Before discussing our conclusions, certain comments regarding inescapable variables in this study are in order. The earliest measurable change in renal function in congestive heart failure is a reduction of renal plasma flow.18-20 Furthermore, recovery of renal function does not parallel the clinical improvement which follows compensation. Twenty-six of our patients had experienced at least one episode of cardiac decompensation prior to surgery, and although all were edema free at the time of operation, elevated left atrial pressures were recorded in more than 70% of the group (table 1) , suggesting an increased extracellular volume and total body sodium. 20 Recently, Russell2' reported histological evidence of glomerulonephritis in 39% of 246 patients dying of rheumatic heart disease. Since rheumatic valvulitis was present in 23 of our patients, it is possible that associated glomerulonephritis could produce changes in renal function independent of congestive heart failure. The incidence of cardiac decompensation was equally distributed between the groups (table 1) .
General anesthesia is associated with measurable reductions in both renal blood flow and glomerular filtration rate, but there is no residual effect once a patient recovers from anesthesia. 22 The disproportionately greater decrease in renal plasma flow compared to filtration rate, that is, increased filtration fraction, recorded during halothane anesthesia in man led Mazzie and associates23 to conclude that renal efferent arteriolar constriction was responsible for these changes. These results are quite different from our findings of either an unchanged or decreased filtration fraction during cardiopulmonary bypass ( fig. 8 ). In view of this difference, it seems reasonable that the changes in renal function which we observed must, at least in part, be due to total body perfusion. Further support for this contention can be derived from the pattern of postoperative renal function which is decreased long after the effects of the anesthetic have been dissipated (table 5 ).
In addition to anesthesia, both hypothermia and acidosis have adverse effects on renal function. 24 When these factors were evaluated (table 4) , the degree of induced hypothermia was not significantly different, while the 0.05 pH unit difference recorded during the third bypass interval does not seem sufficient to produce the changes in renal function which were recorded.
In general, our results are in agreement with those of most other authors", 12,2. 26 who have measured renal function during cardiopulmonary bypass, although certain differences do exist. Beall and associates' original study" failed to detect any significant difference in filtration rate between the pre-bypass interval and the period of total body perfusion. However, the mean duration of bypass in their series was 21 minutes, and the low urinary flows recorded (mean value of 0.2 ml/min) raises a question as to the reliability of the clearance techniques employed. The high perfusion rates and hypothermia which we use should afford maximum protection to the kidney during cardiopulmonary bypass.25 26 Mielke and associates13 reported a 20-minute anuria after starting bypass in seven patients Circglation, Volume XXXIV, December 1966 undergoing aortic valve replacement. Anuria was absent in our patients, probably due to the fact that hypertonic mannitol, which we use during bypass, is a more effective osmotic diuretic than isotonic glucose, which they employed. They also noted cessation of urinary flow at mean arterial pressures below 70 mm Hg. In our experience, there has been no correlation between mean blood pressure and urinary flow over the range from 48 to 135 mm Hg.
Renal retention of clearance substances during periods of hypotension and oliguria is a recognized source of error in the indirect measurement of both renal blood flow and glomerular filtration rate.27 29 Satisfactory PAH clearances can be obtained provided a urinary flow rate of 0.6 ml/min is achieved,13 and Gagnon and co-workers29 confirmed the reliability of clearance measurements in hypotensive dogs provided osmotic diuresis was induced. From a review of the data of Etheredge and associates30 regarding the effects of mannitol during cardiopulmonary bypass, it would appear that total body perfusion caused a 58% drop in creatinine clearance. The bypass clearance values which they reported (mean of 40 ml/min) are similar to those we observed. However, their mean value of 94 ml/min during the pre-bypass interval is suspiciously high. In their study, the pre-bypass interval was divided into two periods, one before starting infusion of mannitol, and the second during mannitol diuresis. Thus, there existed a finite interval when the patient was anesthetized but was not receiving mannitol, and this interval was associated with low urinary flows (average of 0.36 ml/min). It does not seem unreasonable that with the induction of mannitol diuresis, creatinine was "washed out" in a manner akin to that which we have described, and this led to spuriously high creatinine clearances during the immediate pre-bypass interval.
The immediate effects of total body perfusion on renal function can be seen in figure 4 . During the first 30 minutes a significant fall in filtration rate occurs followed by a return toward pre-bypass levels. A similar finding Circulation, Volume XXXIV, December 1966 was reported by Senning and co-workers26 in dogs subjected to total body perfusion. Pertinent to this transient decline are the findings of Finsterbusch and co-workers. 31 Using dogs, they performed sequential renal arteriograms during cardiopulmonary bypass, and found that renal arterial vasoconstriction was most prominent during the first 30 minutes of bypass. This vasoconstriction was not reversed by intra-arterial hexamethonium, but was delayed by the use of low molecular weight dextran. A direct relationship between vasoconstriction and renal failure (acute tubular necrosis) has been demonstrated by Barkin and Kerr.32 In addition, they concluded that vasoconstriction, once initiated, may continue despite repair of the blood volume deficit and recovery of blood pressure and suggested that vasodilators might be useful adjuvants in shock therapy. The failure of hexamethonium to reverse the vasoconstriction noted above31 argues against the use of vasodilators during cardiopulmonary bypass.
Green and co-workers33 have cautioned that since pressure-flow relationships in various tissues are not linear, predictions regarding vasomotor tone based upon changes in resistance alone are hazardous. From table 5 it can be noted that perfusion pressures for both groups are not significantly different, thus we believe that the differences in renal cortical vascular resistance which are recorded are valid. Furthermore, the inverse relationship between renal cortical vascular resistance and glomerular filtration rate (table 4) indicate that renal afferent arteriolar constriction is more pronounced in group II. Since marked changes in pressure-flow relationships accompany the initiation of cardiopulmonary bypass, plus the added effect of nonpulsatile flow which leads to an increase in vascular resistance despite maintenance of perfusion pressure,34 no attempt was made to assess specific alterations of vasomotor tone at times other than during total body perfusion.
In normal dogs acute reduction of cardiac output is associated with a reduced renal blood flow and an increased filtration fraction, results compatible with vasoconstriction of renal efferent arterioles.3 Similar findings are reported for dogs with chronic congestive heart failure.6 Moreover, the excess sodium retention in these animals can be reversed by the use of intra-arterial dibenzyline. However, when renal blood flow is reduced by aortic constriction, Selkurt and co-workers37 concluded that glomerular filtration rate was preserved by dilation of renal afferent arterioles. Definite limitations exist for either of these compensatory mechanisms, since Peters and Brunner38 demonstrated complete cessation of filtration when mean blood pressure fell below 60 mm Hg. The same authors found that infusing a hypertonic solution of mannitol would prevent the interruption of filtration at comparable perfusion pressures, an effect they ascribed to renal afferent arteriolar vasodilation. There is general agreement that the increased renal blood flow produced by hypertonic mannitol infusion in shock-states is the result of a decrease in renal vascular resistance.39 4 Suggested mechanisms by which hypertonic mannitol infusion reduces renal vascular resistance include counteraction of the renal efferent arteriolar vasoconstriction which occurs in shock,40 and decreased blood viscosity which leads to a reduction in the transmural vascular pressure.42 That the decreased vascular resistance induced by mannitol occurs through alterations in luminal volume of renal tubules seems doubtful.43 Although our data do not permit a conclusion as to the intrarenal site of action of mannitol, the increase in renal afferent arteriolar tone in group II makes us favor the renal efferent arteriole. This statement is based upon the similarity of osmotic diuresis in both groups, indicating that differences in mannitol content reaching the kidney do not account for the changes in renal vascular resistance noted. Finally, a fall in the fraction of the cardiac output (CO) perfusing the kidney below 19% (RBF/CO, table 4) has been interpreted as indicating pre-glomerular vasoconstriction, that is, constriction of the renal afferent arteriole. 44 The maximum postoperative concentration of blood urea nitrogen bears an excellent in-verse relationship with the duration of depressed glomerular filtration. Since the regression line which compares creatinine clearance to inulin clearance transects the identity line at 25 ml/min ( fig. 6 ), creatinine clearance below this value slightly overestimates filtration rate, and above this value it underestimates filtration rate. From table 5 it is apparent that regardless of the ultimate course taken by the patient, significant depressions of filtration rate are present in the postoperative period. For patients in group I, clearance returned to the preoperative levels on the second postoperative day, while all other patients had a more protracted period of recovery, most pronounced in the two patients in group III. The magnitude of reduced clearance in these two patients may have been more profound than we measured, since the low urine flow rates through the first postoperative day would contribute toward overestimation of the clearance rates.
The concentrating ability of the kidney appeared to be intact, provided decreases in filtration rate are considered. Gullick and Raisz45 made similar observations following noncardiac major surgical procedures. In their series, the correlation between filtration rate and concentrating ability was not influenced by large doses of exogenous antidiuretic hormone.
Despite the low incidence of acute renal failure which occurred in our series, BUN concentrations in excess of 30 mg% were recorded in 44% of our patients over a 4iE year survey.1
We believe that the early separation of groups III and IV is important in order to institute proper therapy at the earliest possible date. From the data collected, certain factors predispose to the occurrence of postoperative renal dysfunction. Age is a definite consideration, and patients 50 years of age or older have a greater potential for the development of postoperative renal complications. Cardiopulmonary bypass in excess of 2 hours also increases risk and has become a significant factor at our institution, where an ever-increasing number of patients are requiring prolonged total body perfusions for multiple valve Circzuhation, Volume XXXIV, December 1966 replacements. Group III and IV patients can be identified on the first postoperative day provided the following criteria are satisfied: (1) urine/serum osmolar ratio less than 1.2;
(2) serum creatinine greater than 2.5 mg% or a BUN concentration in excess of 35 mg% or both; and (3) a urine urea/BUN ratio of less than 10. If the urine urea/ BUN ratios are followed serially in the immediate postoperative period, separation of groups III and IV can be achieved on the second day after surgery ( fig. 10 ), at a time when BUN is continuing to rise in both groups.' Early differentiation allows adequate time for planning therapy including preparation for dialysis if such is indicated. A postoperative urinary sodium concentration in excess of 40 mEq/L did not prove to be as sensitive an indicator of acute renal failure, in our experience, as had been previously reported. 46 Although oliguria (urine volume less than 20 ml/hour) is strongly suggestive of impaired renal function, it was modified by the use of positive pressure ventilation during the first postoperative week, a factor known to reduce urine flow, probably through stimulation of antidiuretic hormone. 47 Doberneck and co-workers48 suspected that reduced cardiac output with its attendant hypotension played a significant role in the pathogenesis of post-bypass renal failure. We have correlated serial cardiac outputs during the postoperative period with changes in renal function. Cardiac outputs on the first postoperative day were significantly different in the three groups (table 7, and fig. 9 ), but this difference disappeared by the second postoperative day, and was inconclusive in the one patient in whom acute renal shutdown occurred. That circulatory insufficiency contributes to impaired renal function is evident, but to indict this as the only cause does not seem justified in light of our accumulated data. Analysis of serial measurements of blood volnime in the same patients failed to demonstrate a clear-cut difference between groups. However, both group III patients required greater amounts of whole blood replacement Circulation, Volume XXXIV, December 1966 than any of the other patients studied (table  6) .
Conclusions
Changes in renal function and hemodynamics during and following prolonged cardiopulmonary bypass in 27 patients undergoing prosthetic valve replacements are reported. Precautions in the use of endogenous creatinine clearance as a measure of glomerular filtration rate are enumerated. The occurrence of impaired renal function in the postoperative period correlates with findings which suggest renal afferent arteriolar vasoconstriction during total body perfusion. The use of mannitol in the perfusate does not prevent the increased vasomotor tone but does eliminate the anuria which often occurs during cardiopulmonary bypass.
The postoperative pattern of renal functional impairment corresponds in a predictable manner to the maximum BUN concentration.
Also, the role of circulatory insufficiency was analyzed and found to be contributory to postoperative renal impairment.
Based upon the observations in these patients, guidelines for the diagnosis of impaired postoperative renal function have been defined and include (1) a urine to serum osmolar ratio of less than 1.2; (2) concentration of serum creatinine in excess of 2.5 mg%;
(3) a urine to serum urea nitrogen ratio of less than 10; and (4) creatinine clearance less than 5 ml/min/1.73 M2 . These criteria can be applied the first postoperative day and will lead to early recognition of significantly impaired renal function. The distinction between functional renal impairment and acute renal shutdown can be gained by serial observations of the urine to serum urea nitrogen ratio and the urinary concentration of sodium.
